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ABSTRACT

Lxcitation of ultrasonic waves can be done by numerous methods that induce time-dependent
elastic deformation or pressure whereas receiving such waves requires means of converting time
dependent displacements to anclectric signal. Since piczoclectric crystals arc offering a low
cost, highly effective actuator/sensor matcrials they remained for many ycars the leading form of
ultrasonic transduction. Thc most widely used commercia picroclectric material is the various
phases of lcad zirconatc titanate (PZT). Unfortunately, ceramic transducers are fragile andit is
very difficult to produce theminlarge sizes. Iurther, these piczoclectric materials have a
relatively high acoustic impedance requiring a complex damping and matching techniques to
induce broadband signals. Polymecr piczoclectric materials have been known to exist since the
end of the twenties but the discovery of Polyvinylidence Fluoride, during the sixties, made them
useful for commercial ultrasonic transducer applications. Piczoclectric polymers arc associated
with alow noise and inhcrent damping that makes them very cffective receivers as well as
broadband transmitters for high frequencics tasks. "T'his paper reviews pol ymcr piczoclectric
materials, the origin of thcir piczoclectric behavior and their applications to ultrasonic NDE.

INTRODUCTION -1'1 EZOELECTRIC SENSORS AND ACTUATORS

The piczoclectric effect was discovered by the Curie brothers in 1880. The practical use of
piczocleetric materials became possible with Paul 1 .angevin’s discovery in 1916 of the
piczoclectric characteristics of quartz. crystals. Following this discovery, it was observed that
some crystalline materials demonstrate a spontaneous polarization along onc axis of the crystal,
ferroclectric behavior. For many years, Rochcelle salt was the only crystal that was known to
havec this ferroclectric propert y.

Progress in this field toward a practical piczoclectric materials for ultrasonic NIDY, applications
beeame more significant with the discovery of barium titanate, BaTiO3,1n 1947 and the ability
{o activate it as a piczoclectric material by poling. This success was followed by tbc observation
of the very strong effect in lead zirconatc titanate (P 7'T) ceramics. A bricf review of the car] y
devclopment of PZT transducers can be foundin [1 .cc, 1990a, and 1990b]. T'oday, there arc
severa hundreds of known piczoclectric materials. Generally, there is a considerable interest in
ferroclectric crystals as transducer matcrials for their spontaneous polarization and the strong
sensitivity that is attributed to their higher clectromechanical coupling than piczoclectric crystal
,such as quartz.  While ferroclectric materials have ahigher electromechanical coupling, they are
not asstablc as the single crystal piczoclectric materials. Further, both the poly - and the single



crystals arc made of brittle materials, which limits their practical size for high frequency
ultrasonic applications where thin wafers arc required.

For many ycars , the need for flexible and large arca piczocleetric material for ultrasonic
transducers was well rccognized. The discovery of picrzoclectricity in polymers in the carly
twenties made this possiblc [Sussncr,1979]. The largest progress in this ficld was made in the
sixties with the discovery of piczoclectricity in Polyvinyl idenc Fluoride ('VIDF). Afier this
discovery, numerous applications of this polymer were reported and ultrasonic transducers have
cmerged as practical NIDY tasks [Harsanji, 1995]. Since PVDIF isstill the leading piczoclectric
polymer, the emphasis of this paper this material.

PIEZ.OFLECTRICPOLYMERS

The existence of piczocleetric polymers was alrcady known since 1924, however the carly
known piczoclectric polymers did not receive much attention until the work by Fukadainthe
fiftics and sixties [FFukada, 1964]. Fukada and his co-workers discovered that rolled films of
polypept ides and numerous other pol ymers ind uce surface charges when st ressed. A major
milestone in this ficld was recorded with the Kawai’s discovery of the strong piczoclectric effect
in polyvinylidenc fluoride (PVDF or PVE2)[Kawai, 1969] in 1969. 1.atcr, other PVDY co-
polymers were aso reported, including p(VDF-11EE) [Bui, Shaw and Zitelli, 1986] and P(VDF-
Tel'E) [ Tasaka and Miyata, 1985] and others.

I'erroclectric pol ymers arc produccd by a variety of techniques, wherc in the case of PVDF the
material is mechanically drawn and polarized in order to form a useful transducer material. The
drawing techniques includc extrusion and stretching and while processed the film material is
subjccted to astrong electrical polarization ficld. Without drawing, PVDY shows a very weak
piczoclectric behavior and the higher the molecular orientation tbc stronger the resultant response
of the polarized film.

After polarization, PVDY exhibits considcrably stronger piczocleetric response than most other
known polymers [Kawai, 1969]. The discovery of tbc piczoclectric and later of the pyrocleetric
properties of PVDI and the growing applications of this polymer [ Tamura, 1975] sparked
extensive rescarch and development activities. Some of the piczoclectric polymers that arc
known today include: polyparaxylenc, poly-bischloromethyuloxctane (Penton), aromatic
polyamides, polysulfone, polyvinyl fluoride, synthetic polypeptide and cyanocthul ccllulose

[Wang, 1lerbertand Glass, 1988].
ORIGINOF 1’1 EZOFLECTRICITY 1 N PVDFK
The origin of piczocleetricity in PVDY is not well understood and the “dipole model” is the most

wide] y accepted explanation of its origin. This material is a semi-crystalline high-molecular
weight polymer with repeat unit (Cl 1, - CF,) whose structure is essential] y hcad-to-tail, i.e., C112




- CI4, - (CN,-Cl1%), - CH, - CF,. PVDY isapproximatcly half crystalline and half amorphous.
The crystalline form consist of amm-polar o phase and a highly polar § phase (See Figurel).
Where the « phase is anon-polar phase, whereas the 3 phase has the hydrogen and fluorine
atoms arranged to give maximum dipole moment per unit cell. These dipole moments arc
randomly oriented until the polymer is electrically polarized. Under the application of an electric
field, the polymer chains inside the crystallitcs align themsclves along the field by rotating the
dipoles around the chain axis. The piczoclectric response of PVDY polymers is the result of a net
polarization.

PVDIE demonstrates hysteresis loops similar to thosc known from crystalline ferroclectric
matcrials [Wang, Herbert and Glass, 1988]. As can be seen from “1’able 1, this polymer
demonstrates picroclectric constant, d33, of more than -30 pC/N which is very high. This
constant d33 isncgative. in other words, applying an electric field inthe direction of
polarization (film thickncss) causes the film thickncss to deercase.  PVDF has an anisotropic
characteristics where in the film plan tbe strongest effect is in the drawing direction as opposed
to the normal direction, i.e., d31>d32> 0. Theratio of these two d-constants can vary between
510 1() times. In Figurc 2, the normalized d constant (divided by d33) is plotted as a function of
the angle with tbe drawing dircction. In ‘1’able 1, a comparison is given between the propertics of
PVDI and some of the commonly used piczocleetric materials.  While PVDY has arclatively
low dielectric constant compared to piezoclectric ceramics and crystalline materias, it has a
relatively large value compared to other polymers.
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FIGURE 1: Schematic view of two of the PVDY phases. The u-phase consists of a series of non-
polar anti -parallcl chains, whercas ~-phase phase consists of aseriesof polar parallcl chains.




TABLI 1: Comparison between commonly used crystalline piczoclectric materials and PVDE.

~ Material € | d33@eC/N) | £33(10-'VmN)
BaTiO3 1700 191 *-12.6
Quartz.  __| 455 2.3(d11) 50.0 (g31)
PVDF | 13 ! T 3390
brra ] 1%000 289 2s.1

It is interesting to point out that the piczoclectric coupling cocflicient, K33, for PV} istwo
times highcer than quartz.  Thesc two coupling constants, K33 and K31, for PVDI arc showing
significantly different tecmperaturc effects, As can be seen from Figure 3, while the thickness
coupling, K33, stays constant around 0.2, K31drops significantly as the tempcrature drops below
-50 degrees C. The curie temperaturc of PVDFE isnear 110 degrees C which makes it uscful for
some clevated temperature applications. in an applied electric field, the piczoclectric force acts
primarily normal to the film direction and its coupling coefficient is independent of temperaturce.
Onthe other hand, lateral effect is caused by transverse contraction of the film and the value of
the Poissonratio v] 3, 1s atemperature dependent parameter that varies from 0.2 to 0.6. This
Poisson’s ratio variation occurs as the material manifests the transition through the glass
transition point, ‘I’g, from the glassy tothe rubbery state. The large Poisson’s ratio at the level of
0.6 isrelated to the anisotropic behavior. The negative value of d33 as opposed to positive d31
and d32 is explained by the Poisson ratio behavior of compression in the thickness direction
while expanding in the plane direction.
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I'IGURE 2: Relative transverse d constant as a function of angle with the drawing dircction
[I'ukadaand Yasuda, 1 964].
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FIGURE 3: Temperature dependence of the piezoclectric coupling constant for PV1 )Y in the
drawing direction (K4;) and normal to the film plane (K33) [Ohigashi, 1976].

APPLICATION OF PIEZOELECTRICPO1. YMERS FOR UI.TRASONICNDE

Inrccent years, polymer piczoclectric materials were reported to be applicd to numerous ficlds
taking advantagc of the flexible characteristics of these polymers. Some of the applications of
these polymers include: Audio devices - microphones, high frequency speakers, tone generators,
and acoustic modcems; Pressure switches - position switches, accelerometers, impact detectors,
flow meters and load cclls; Actuators - electronic fans and light shutters.

PVDF shows a strong picroclectric response even at microwave frequencies. The very high g
constant of PVDF at the level of-339 x10-3 Vim/N, as compared to 50 Xx10-3 Vm/N in Quartz,

12.6 x10-3 Vm/Nin BaTiO3, and 25 x10-3 Vm/N in PZT, is making this polymer an ideal
receiver of ultrasonic signals. PVDF [Fukada, and Yasuda, 1964] is being increasingly used for
commercial ultrasonic transducers [Chen and Payne, 1995]. The application of these materials
to ultrasonic NDE requires an ability to predict its performance to allow effective design of
ultrasonic transducers. 1.cc and Moon [1 .cc, and Moon, 1990] have proposed a modal coordinate
analysis using laminated PVDY films, whereas 1 .cc investigated the reciprocal relationship
between PVDF modal sensors and modal actuators[1 .cc, 1990].

PVDF was aso reported to be used for acoustic emission experiments. Stiffler and Henncke
[1982], used a commercially available transducer and water couplant to monitor the signals
related to fatigue tests of composite materials. T'he transducer responded very effect i vely to the
in-plane displacement components of thc acoustic emission in composite mat trials. The sensor



successfully monitored fatiguc loading and the advantage of this application of polymer
transduccrs isthe strong fracture toughncss of these polymers,

PVDF ultrasonic transducers for broadband NI applications was reported by several
investigators, including [Ohigashi, 1988, Shaw,cta, 1981, Chen, 1978, and Charome, 1 979]
Broadband transducers can bc casily made with such films in the thickness range of 91020 jum
and the filmlow impedance enables a dircct coupling to water. The low acoustic impedance of
this polymer makes it attractive to medical applications of ultrasonic imaging. The transducer
can be coupled directly to the patients skin or cyc with minimum discomfort while maintaining
ancffective sound transmission to the test area, other forms of making PVDEF transducers
include tbc usc of aluminum backing. Al uminum has arclatively low acoustic impedance as
compared to other widcly used metals and adirect backing of aluminum cnables to form an
effective broadband ultrasonic transducer. The flexibility of the polymer allows to fabricate
transduccrs in awide variety of shapes for specia applications.

Conventional ultrasound imaging transducers suffer from the trade-off between bandwidth and
sensitivity, which impedes the optimization of ultrasound image quality. Using PVDI¢
transduccers allows to alleviate this trade-off by providing an overall high sensitivity while
retaining widc bandwidth properties. This isachicved by making usc of the pulse compression
{echnique in amultilayer assembly. A detailed theoretical model that allows the performance of
the multilayer transducer to be predicted was developed. Experimental data were collected by
using a wideband PVDY needle hydrophone [Zhang, et al,1993]. A good agrecment was
obtaincd between the experimental data and compute] simulations.

PVDF was also reported in acoustic microscopy applications where focusing transducers based
on a9-pum thick PVDY foil were fabricated. The transducer operates in the frequency range of
20- J60 M1~ with 78 M 117 operating frequency in water and provides alateral resolution of 27.5
pmand a vertical resolution of 35 pm. Using such an acoustic microscope images of transistors
and microelectronic components were made using focused PVDY transducer [Smolorz, and Grill,
1995].

PVDJ isincreasing y being uscd for array transducers in medical I1-scans and some industrial
NJ)']" instruments. The construction of thc multi-clement polymer transducer requires a carcful
altention to the definition of the small array ¢l ements. Onc of the main benefits of polymer
arrays IS their low mechanical and diclectric cross talk between the elements. Thercfore it is
much simpler to prepare such an array as compared to the ceramic ones where dicing is
necessary. Photolithography techniqucs arc used to form the array and to define the electrode
pattern. Another advantage of using piczoclectric polymers is the ability to print microclectronic
devices, such as preamplificrs, onto the film allowing to produce micro-clectro-mechanical
devices (ME MS)[Harsanji, 1995].
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